Analyzing a large data base of high-resolution three-dimensional direct numerical simulations of decaying rotating stratified flows, we show that anomalous mixing and 
fine-structure shear layers 15 , as well as in fronts.
In this context, we evaluate quantitatively the link between mixing and dissipation, anisotropy and intermittency in the presence of both rotation and stratification, and as a function of the intensity of the turbulence. This is accomplished in the framework of a large series of unforced DNS runs for the Boussinesq equations, with data analyzed within a 2.5% change in the total dissipation around its temporal peak when the turbulence is fully developed. This ensures a lack of correlation between data points within the parametric study. With P the total pressure, u = u ⊥ + wê z the velocity, θ the temperature fluctuations (normalized to have dimensions of a velocity), and ∇ · u = 0 because of incompressibility,
we have in the unforced case:
with ν the viscosity, κ the diffusivity, ω = ∇ × u the vorticity and N the Brunt-Väisälä frequency. Rotation, of intensity Ω = f /2, and stratification are in the vertical (z) direction.
We use the pseudo-spectral Geophysical High Order Suite for Turbulence (GHOST) code with hybrid MPI/OpenMP/CUDA parallelization and linear scaling up to at least 130,000 cores 16 . The GHOST-generated database considered here consists of fifty-six simulations on grids of 1024 3 , as well as three at 512 3 , twelve at 256 3 , and two at 128 3 resolution, all in a triply periodic box (see Tables 1 and 2 in 17 ). Initial conditions for most runs are isotropic in the velocity (thus at t=0, w/u ⊥ 1, and with zero temperature fluctuations, so that θ develops in a dynamically consistent way. Initial conditions in quasi-geostrophic (QG) equilibrium have also been considered, in that case with N/f ≈ 5, w(t = 0) = 0 and θ(t = 0) = 0 (see 18 for details on how quasi-geostrophy is achieved at t = 0). The analysis of the QG set of runs, indicated in the figures by star symbols, has not introduced any major change in the conclusions 17 , although it displays more intermittency and anisotropy (see Fig.   4 and Fig. 5 below) . Finally, with ⊥ referring to the horizontal direction, k = |k ⊥ | 2 + k 2 z is the isotropic wavenumber.
The dimensionless parameters of the problem are the Reynolds, Froude, Rossby and
Prandtl numbers: where U 0 is the rms velocity and L int the integral scale, both evaluated at the peak of dissipation, and we set P r = 1. The kinetic, potential and total energies E V , E P and
Fourier spectra E V,P,T (k), and their dissipation rates V,P,T are:
Spectra can also be expressed in terms of k ⊥ or k z (as in equation (6) 
with S = ∂ z u ⊥ representing the internal shear that develops in a dynamically consistent way. Ri g is a point-wise measure of instability; it can be negative when the vertical temperature gradient is locally larger than the imposed Brunt-Väisälä frequency, indicative of strong local overturning. We also define β as a global measure of the efficiency of kinetic energy dissipation, with respect to its dimensional evaluation
τ N L = L int /U 0 and T V = E V / V are the two characteristic times defining nonlinear transfer and energy dissipation; one can also define the waves periods τ BV = 2π/N and τ f = 2π/f .
Note that, in fully developed turbulence (FDT), one has T V = τ N L . We showed in 19 that the characteristic times, associated with the velocity and temperature and based on their respective dissipation rates, T V and T P = E P / P , vary substantially with governing parameters, being comparable in a narrow range of Froude numbers when large-scale shear layers destabilize.
Simulations cover a wide range of parameters: 10 −3 ≤ F r ≤ 5.5, 2.4 ≤ N/f ≤ 312 and 1600 ≤ Re ≤ 18590 17, 19, 20 . R B and R IB vary roughly from 10 −2 to 10 5 , values which, at the upper end, are relevant to the ocean and atmosphere. A few purely stratified runs are considered as well.
Anisotropy has been studied extensively for a variety of flows (see e.g., 21 and references therein), and many diagnostics have been devised. Here, we concentrate on the following set, with µ representing z, ⊥:
L int , µ represent the integral scale for the isotropic case, as well as for vertical and horizontal velocity components, and we are concerned primarily with the ratio L int,z /L int,⊥ . The integral scale is known to increase with time in FDT, and it has been shown to do the same in rotating and/or stratified turbulence. This is a manifestation of the interactions between widely separated scale that feed the large-scale flow through what is known as eddy noise together with, in the rotating case in the presence of forcing, the occurence of an inverse cascade of energy. For reference, we also write the point-wise dissipation,
where
is the strain rate tensor. Table I In what follows, all anisotropy tensors and their invariants are computed from a snapshot of the data cube at the peak of enstrophy for each run, as are all PDFs and quantities associated with buoyancy flux, e.g., Γ f . All other quantities that are plotted are computed based on spectra that are averaged in time over the peak in enstrophy. 
II. AT THE THRESHOLD OF SHEAR INSTABILITIES
Rotating stratified turbulence (RST) consists of an ensemble of interacting inertia-gravity waves and nonlinear eddies. It can be classified into three regimes, I, II, and III, with dominance of waves in I for small Froude number, and dominance of eddies in III for high R IB : then, the waves play a secondary role and dissipation recovers its fully developed turbulence isotropic limit D , within a factor of order unity 23 . In the intermediate regime II, one finds (i) β ∼ F r, as required by weak turbulence arguments; this is the first central result in 17 , together with the following two other laws: (ii) kinetic and potential energies are proportional (but not equal), with no dependence on governing parameters in regime II where waves and nonlinear eddies strongly interact; and (iii) similarly for the ratio of vertical to total kinetic energy, E z /E V .
With these three constitutive laws, one can recover and establish a large number of scaling relationships, such as the ratio of characteristic scales, or for the mixing efficiency defined as We thus begin our investigation by examining mixing and dissipation. We show in Fig at least for an interval of parameters 4 . As an example, we show the kurtosis of the vertical component of the velocity at the peak of dissipation, defined as K w = w 4 / w 2 2 . It is close to its Gaussian value of 3 or a bit higher for most runs. When considering only the runs with isotropic initial conditions, the increase in K w is rather smooth and with a peak at R IB ≈ O(10). What is particularly striking, however, is the "bursty" behavior seen in the runs with QG initial conditions (indicated by stars) with a peak of K w ≈ 7.5 at Having scaled nonlinearly both the second and third invariants of tensors in order for them to have the same physical dimensions, we find that third invariants have similar scaling with control parameters, except that they can and do become negative, in ways comparable to what is found in 11 . We illustrate this in Fig. 5 (c) in a scatter plot of the second and third invariants of b ij that, to a large degree, fills in Fig. 6 of 11 for b 1/2 II < 0.2, and highlights the fact that at the peak of enstrophy, the majority of our runs are dominated by oblate axisymmetric structures, in the form of sheets. This is complementary to what is performed in 11 where, by using many temporal snapshots, one can probe more of the permissible
We do note that there are two straggler points at high b II , g II , and low negative b III , and in v II as seen in Fig. 3(c) . These runs, indicated by blue stars, have quasi-geostrophic initial conditions and are at low Froude, Rossby and buoyancy Reynolds number (R B 1); specifically, they are runs Q9 and Q10 of Table 2 in 17 . Again, the quasi two-dimensional nature of such flows at the peak of enstrophy is confirmed in Fig. 5(c) , which places these QG-initialized runs on the upper left branch. This indicates that these flows are dominated by quasi two-dimensional sheets (see, e.g., Fig. 6 of  11 ) . Indeed, the high anisotropy observed in the vicinity of R B ≈ 1, R IB ≈ 1, F r ≈ 0.07 in Fig. 3(c) corresponds to two-dimensional structures in the form of shear layers with strong quasi-vertical gradients at low F r, and which eventually roll-up as they become unstable. 
III. CONCLUSION AND DISCUSSION
We have shown in this paper that, in rotating stratified turbulence, a sharp increase in dissipation and mixing efficiency is associated, in an intermediate regime of parameters, with large-scale anisotropy and large-scale intermittency and with a slow return to isotropy which takes place mostly for buoyancy parameters larger than ≈ 10 3 , as already conjectured in 11 . Rotation plays a role in the large scales, with a larger vertical integral scale at a given
Froude number for small Rossby numbers (see Fig. 3(a) ). The return to large-scale isotropy, as measured by L z /L ⊥ , is very sharp. These results evoke threshold behavior and avalanche dynamics, as analyzed for numerous physical systems (see, e.g. 32 for review, and [33] [34] [35] in the context of the solar wind), and as found as well recently in observational oceanic data 28 .
In order to determine whether a given system is undergoing self-organized criticality (SOC) The burstiness of these rotating stratified flows is accompanied by a turbulence collapse once the energy has been dissipated at a rate close to that of homogeneous isotropic turbulence but dependent on the ratio of the wave period controlling the waves, to the turn-over time in an intermediate regime of parameters. This type of behavior has been studied e.g.
for shear flows, emphasizing both the inter-scale interactions between large and small eddies with rather similar statistics 38 , as well as the importance of sharp edges in frontal dynamics as suggested in 39 . This has been analyzed in the laboratory at the onset of instabilities including for Taylor-Couette flows or for pipe flows 37, 40 , and it may be related to frontal dynamics observed in the atmosphere and ocean 41, 42 , given the tendencies of such flows to be, at least in the idealized dynamical setting studied herein, at the margin of such instabilities.
Recent observations 28 and numerous DNS (see e.g. 18 ) indicate that indeed the gradient
Richardson number resides mainly around its classical threshold for linear instability (≈ 1/4), as also observed in our results, exhibiting a strong correlation with dissipation. In that light, it may be noted that the range of parameters for the mixing efficiency to be comparable to its canonical value observed in oceanic data is close to the instability threshold: Γ f ≈ 0.2 for 0.02 F r 0.1. Similarly, the kurtosis of the temperature and vertical velocity K θ,w are high in a narrow window around 0.07 ≤ F r ≤ 0.1, also found in 4 . As a specific example of marginal instability behavior in the framework of a classical model of turbulence 43, 44 extended to the stratified case, it is shown in 45 that the flow remains close to the stable manifold of a reduced system of equations governing the temporal evolution of specific field gradients, involving in particular the vertically sheared horizontal flows through the second and third invariants of the velocity gradient matrix, and a cross-correlation velocitytemperature gradient tensor.
The link between local intermittency, anisotropy and dissipation is also found in fully The large data base we use is at a relatively constant Reynolds number, Re ≈ 10 4 , and thus an analysis of the variation of anisotropy with Re, for fixed rotation and stratification remains to be done, in the spirit of earlier pioneering studies 53,54 for fluids. Also, scale by scale anisotropy might be best studied with Fourier spectra. This will be accomplished in the future, together with a study of the role of forcing.
This paper is centered on a large parametric study of rotating stratified turbulence. Each flow taken individually is strongly intermittent in space, and thus presents zones that are active as well as zones that are quiescent. It was proposed recently to partition a given flow in such zones, with strong layers delimiting such patches, depending on the buoyancy interaction parameter R IB , and with threshold values of roughly 1, 10 and 100 55 . The intermediate range corresponds, in our DNS runs, to the peak of anisotropy and intermittency together with mixing efficiency being close to its canonical value, Γ f ≈ 0.2. In that light, it will be of interest to perform such a local study for a few given runs of our data base in the three regimes.
Many other extensions of this work can be envisaged. For example, one could perform a wavelet decomposition to examine the scale-by scale anisotropy and intermittency in such flows, as done in 56 . Moreover, kinetic helicity, the correlation between velocity and vorticity, is created by turbulence in rotating stratified flows 57, 58 . It is the first breaker of anisotropy, since flow statistics depends only on the modulus of wavenumbers, but two defining functions (energy and helicity density) are necessary to fully describe the dynamics. In FDT, helicity is slaved to the energy in the sense that H V (k)/E V (k) ∼ 1/k, i.e. isotropy is recovered in the small scales at the rate 1/k. In the stratified case, its scale distribution changes with Brunt-Väisälä frequency 59 , as measured for example in the PBL 60 , and it undergoes a direct cascade to small scales while energy goes to large scales in the presence of strong rotation and forcing 61 . What role helicity and the nonlinear part of potential vorticity, namely ω ·∇θ, will play in the fast destabilization of shear layers, their intermittency, anisotropy and criticality are topics for future work.
We conclude by noting that a deeper understanding of the structure of small-scale rotating stratified turbulence, and of the nonlocal interactions between small scales and large scales, will allow for better modeling in weather and climate codes. Many models of anisotropic flows have been proposed, extending isotropic formulations for kinetic energy dissipation by adding several off-diagonal terms, and assuming (or not) isotropy in the orthogonal plane (see e.g. 8, 9 , and see 21 for two-point closures). It has already been found useful in models of turbulent mixing in oceanic simulations 62, 63 .
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